The development of the CubeSat standard, a picosatellite standard, has become a tool that encourages engineering collaboration, trains students with real-world satellite experience, and provides technology advancement in the aerospace industry. The Poly-Picosatellite Orbital Deployer (P-POD), in conjuction with the CubeSat standard, plays a key role in providing access to space for CubeSats. Developing satellites at the CubeSat level highlight the increasing opportunities for access to space while yielding quicker development times.
I. Background
A. The P-POD
Design of the P-POD
The Poly-Picosatellite Orbital Deployer (P-POD) started as a collaboration between California Polytechnic State University, San Luis Obispo (Cal Poly) and the Space Systems Development Laboratory (SSDL) at Stanford University in 1999. The need for consistency in the design and launching of picosatellite class CubeSat systems drove the design and development of the P-POD.
The P-POD was developed with seven primary goals 1 :
• Protect the primary payload • Protect the launch vehicle • Protect the CubeSats • Safely group multiple CubeSats for launch • Eject CubeSats for safe deployment • Increase access to space for CubeSats • Provide a standard interface to launch vehicles
The design of the P-POD is relatively simple consisting of an aluminum box of tubular design with spring assisted ejection. A non-explosive release mechanism controls the deployment of the CubeSats to minimize shock to the launch vehicle and satellites. The P-POD has the capability to accommodate any configuration of 3 single CubeSats. The ability of the P-POD to hold multiple satellites and combine them as one single payload decreases launch costs. 
Revisions of the P-POD
The flexibility of the P-POD has allowed for design changes to better satisfy the requirements of the launch vehicle and the needs of CubeSat developers. Each revision to the P-POD accounts for backwards compatibility of the CubeSat Design Specification, so revisions to the P-POD do not affect developers negatively. Also, revisions to the P-POD are made to ensure that the launch vehicle mechanical mounting interface remains the same for continued P-POD to launch vehicle compatibility.
The original version of the P-POD, the Mk. I, met the basic goals of protecting the launch vehicle, the primary satellite, and the contained CubeSats. The Mk. I used a burn wire deployment system to open the door and release the satellites. Planetary Systems Corporation's Line Cutter Assembly burned through a Vectran line 30 ± 5 seconds after receiving the signal from the launch vehicle. The Mk. I contained all the power needed to burn through the Vectran line and did not require any resources from the launch vehicle, except for the standard launch vehicle deployment signal.
For the Mk. II design, feedback from launch providers led to the selection of a new release mechanism, as the actuation time of the line cutter mechanism lacked precision. Also, the Mk. II design incorporated a mounting bracket that could accommodate both the Qwknut and NEA release mechanisms. In addition, feedback from the CubeSat developers showed the need to have a switch on the P-POD that detected when the door was open at least 90 degrees from the closed position. This switch confirmed that the door sufficiently opened for nominal CubeSat deployment from the P-POD.
The current version of the P-POD is the Mk. III, shown in Fig. 2 . Lessons learned from integrating CubeSats with the P-POD drove most of the modifications. The P-POD Mk. III offers larger access ports on two sides of the P-POD for increased access to CubeSats after integration, larger spring plungers for easier satellite integration, and door and bracket modifications to account for shear relief for the release mechanisms developed by Starsys and NEA Electronics. Also, instead of the deployment switch indicating the door opening at least 90 degrees, the switch for the Mk. III provides data to the launch vehicle that the door remains closed until the nominal P-POD deployment signal is sent. 
B. The CubeSat Standard
The CubeSat Standard states that a single CubeSat should be a 10-cm cube, and have a total mass of no more than 1 kg. The CubeSat specifications were derived from four basic sources 1 :
• The size of available commercial off-the-shelf (COTS) components (i.e. solar cells, batteries, transceivers, etc) • The P-POD's dimensions and features • Launch vehicle environmental and operational requirements • Self-imposed safety standards • The center of mass of a CubeSat must be within 2 cm of its geometric center to minimize tumble and spin rates during deployment from the P-POD • The location of the access ports on the P-POD determines where CubeSats should have diagnostic ports and remove before flight (RBF) pins • Rails on CubeSats must be smooth, flat, and hard anodized to prevent cold welding from the launch environment and minimize friction during deployment • Thermal expansion of the CubeSats should be similar to that of the P-POD material, Aluminum 7075-T73 • CubeSat design tolerances are based on P-POD tolerances and specifications
The CubeSat Design Specification (CDS) imposes several safety features to minimize risk to other CubeSats. These include:
• A RBF pin is required to keep the CubeSats inactive during integration • At least one deployment switch must physically disable the electronic systems of the CubeSat when inside the integrated P-POD • Separation springs to allow adequate separation between CubeSats after deployment from the P-POD • A specified time delay between deployment and activation of any antennas, booms, or transmitters to ensure safety of other CubeSats Traditionally, Cal Poly is responsible for coordinating with CubeSat developers and launch providers. This assures that the overall system will meet the launch provider requirements, as well as Cal Poly's requirements. In this case, as long as the developers abide by the CDS, they only need to communicate to Cal Poly, and Cal Poly will communicate with the launch provider. This greatly simplifies the communication path for the launch provider since they only need to be concerned with the mechanical and electrical interfaces of the P-POD to their launch vehicle. In addition to the technical side, Cal Poly also handles most of the export licensing process and ITAR compliance issues associated with each specific mission. American Institute of Aeronautics and Astronautics 
Rockot, June 2003
The Rockot launch vehicle launched two Mk. I P-PODs containing four CubeSats each developed by universities. This launch was coordinated by the University of Toronto Institute for Aerospace Studies. The P-PODs were mounted to the outer edges of the payload support structure as shown in Fig. 6 . This was the first launch of CubeSats, and it was determined that all CubeSats were deployed successfully from NORAD object tracking data. To this day, QuakeSat-1, a triple CubeSat developed by Quakefinder and Stanford University, has been one of the most successful CubeSat missions providing data for the early detection of earthquakes.
Figure 6: P-PODs Mounted on Rockot Launch Vehicle

Dnepr Launch-Belka, July 2006
The first Dnepr launch of CubeSats consisted of 5 PPODs with 14 CubeSats from 10 universities and one private company. The P-PODs were mounted on the Space Head Module (SHM) on the lower shelf as shown in Fig. 7 . Unfortunately, the launch vehicle experienced an anomaly during the first stage engine firing and the onboard avionics terminated the flight shortly thereafter. Even though these 14 CubeSats never made it into orbit, valuable integration and procedural experience was gained. An important lesson learned by developers was to build two flight models, fly the best one and use the other as a backup.
Figure 7: P-PODs Mounted on Dnepr Launch Vehicle
Minotaur I: December 2006
The Minotaur I launch vehicle flew 1 P-POD containing 1 CubeSat developed by NASA Ames. The P-POD was mounted on the fourth stage motor casing of the launch vehicle as shown in Fig. 8 . The Minotaur I was launched from Wallops Island, Virginia and was the first US launch of a CubeSat. NASA Ames, who also coordinated the launch, developed a triple CubeSat, GeneSat-1, which contained a biological experiment testing the growth of e coli in space. GeneSat-1 successfully completed its missions and demonstrated to the satellite community that real science can be achieved on such a small platform. American Institute of Aeronautics and Astronautics 
Dnepr-EgyptSat, April 2007
The second Dnepr launch of CubeSats consisted of 3 PPODs with 7 CubeSats. All of the CubeSats were safely ejected into orbit and successfully contacted. Universities developed 4 of the CubeSats, while the other 3 were developed by commercial companies. This time the P-PODs were mounted to a bracket on the upper shelf between the two primary payload satellites, EgyptSat and SaudiSat, as shown in Fig. 9 . The PPODs were integrated without any problems and the two primary spacecraft were comfortable with having the P-PODs only inches away. 
Falcon 1-RazakSAT, 3 rd Quarter 2008
The fourth flight of the Falcon 1, also out of the U.S. Army Kwajalein Atoll, will have 2 P-PODs onboard and 2 CubeSats. Both of the P-PODs will contain triple CubeSats, InnoSAT and CubeSAT, built by ATSB, who also owns the primary spacecraft, RazakSAT. This launch will not utilize the RSA; instead, the PPODs will be mounted directly to the payload interface cone. 
Minotaur I-TacSat
II. Cubesats as Practical Secondary Payloads
The form factor of the P-POD allows it to mount to multiple launch vehicles in conventional as well as unconventional locations.
The P-POD has demonstrated the versatility for mounting in several different configurations from past missions. This allows for greater flexibility when seeking launch opportunities that are not available for other secondary payloads. Also, the mass of a fully integrated P-POD is less than 6 kg and primary payloads usually have much more mass margin on their spacecraft.
A convenient aspect of having the P-POD as a standardized interface to the launch vehicle means the satellites only have to be compatible with the P-POD. Typically, nanosatellites and other secondary payloads have very specific interfaces with launch vehicles and these interfaces are generally not interchangeable between launch vehicles.
III. CubeSats as an Educational Tool
The CubeSat Program is designed so that space missions can be completed in two years or less. This timeline perfectly fits the schedule of undergraduate and graduate students.
A motivating factor for universities thinking of starting a CubeSat program is the fact that the design of a CubeSat can progress to a relatively mature phase before a launch needs to be secured. This accelerated schedule and simplification of the system allows students to participate in the complete lifecycle of a mission, and gain valuable experience in the development of the spacecraft as a whole, and not just individual subsystems. The program offers students an excellent opportunity to gain "real world" experience in the development of a spacecraft, especially concerning the aspects of project management, systems integration on a multidisciplinary team, building to flight standards, and distributed engineering collaboration.
CubeSats can be developed within 1-2 years due to the standardization of the satellite and relative small size. This allows for an accelerated schedule and students to experience the entire lifecycle of the mission. Specifically:
• Mission and requirements planning American Institute of Aeronautics and Astronautics Cal Poly's satellite team, PolySat, is a multidisciplinary team comprised of undergraduate and graduate students working to design, construct, test, launch, and operate a CubeSat. To date, the project has seen concept to launch of four satellites. For the purpose of this section, PolySat's experiences thus far will be used to demonstrate the educational benefits of the CubeSat program .
A. Mission Planning and Requirements Flowdown
Similar to large spacecraft missions, mission planning and establishing a flow-down of requirements is crucial in the development a CubeSat. Although not as complex as larger spacecrafts, students are able to experience and learn the fundamental process of mission planning and requirements flow-down.
B. Design, Analysis, and Testing
The CubeSat Standard offers developers the option to scale the level of design and analysis being committed to the project. This enables newly formed teams to use simple COTS parts to maintain the accelerated schedule, while a more mature team can develop a more complicated system with increased risk and complexity. For example, each subsystem of Cal Poly's CubeSats are designed by students on the PolySat team. This enables the PolySat team to understand the system as a whole in greater detail.
A "test as you fly, fly as you test" approach to testing is used throughout the CubeSat Program, and offers students insight into the rationale and procedures for testing a larger satellite. This philosophy is effectively taught through CubeSat programs because of their small size. For example, smaller vibration tables are much more accessible than the larger ones required for traditional spacecraft, but the level of testing required by the launch provider is still similar. University facilities are usually adequate to support testing of an entire CubeSat system, whereas with larger spacecraft, only component level tests might be possible without the use of professional facilities. Standardization of CubeSat components allows universities, and other developers, to simplify the fabrication, assembly, and quality control processes of developing a CubeSat. Designs can be turned around quickly, which gives CubeSat developers more time to focus on building flight-quality hardware.
The standardization of CubeSats helps to create a more reliable student satellite.
D. System Level Testing
For most large spacecraft, it is difficult to perform testing to a complete system due to the size, weight, and complexity. However, CubeSats are small, light, and simple to interface to the P-POD, so testing a complete system is straightforward. Fully integrated P-PODs are also tested as a complete system to further simplify the interface with the launch vehicle. 
E. Integration and Launch
Once a CubeSat is completed and ready for flight, they are delivered to Cal Poly, where students integrate the CubeSats into the P-POD. The standardized interface allows developers to design to the same interface, regardless of the launch vehicle. Consequently, the integration process is streamlined because the procedures are consistent for every CubeSat. After launch, teams will track their satellite from a ground station and learn to send commands and operate a satellite in space. 
F. On-orbit Operations
The opportunity to perform on-orbit operations for one's satellite as a student is a very rare but extremely rewarding experience.
Participating in on-orbit operations gives students a chance to become familiar with the language, the hardware, and basic knowledge not only of CubeSats, but also of spacecraft in general. For example, students learn about different orbits, Doppler shift and correction, different data modulation schemes, and get hands on experience with the hardware and software. External side-panel temperatures show an interesting difference between the two satellites shortly after launch. CP3 data shows that all the sides heat up and cool down together, shown in Fig. 16 , while CP4 data shows that each side heats up separately, shown in Fig. 17 . This implies that CP3 was rotating at a faster rate than CP4 when it came out of the PPOD. More recent data shows CP3's sides heating up and cooling down more separately, shown in Fig. 18 , much like CP4's early data and implying that rotation rate has decreased.
This data provides invaluable information to the CubeSat Community about how the satellites behave on-orbit. 
IV. Collaboration
The CubeSat standard presents a unique feature to the CubeSat Community in that everyone faces the same basic set of constraints. This creates the opportunity for collaboration between CubeSat developers, furthering the advancement of CubeSat worldwide and sharing the knowledge base with other schools lacking in expertise in a certain area.
Cal Poly organizes CubeSat Developers' Workshops, which provide a convenient venue, twice a year, for developers of picosatellites to come together and exchange information. Due to the accelerated timeline of a CubeSat's lifecycle it is imperative for a university CubeSat program to learn from other's mistakes and learn more about the capabilities of CubeSats.
Cal Poly has worked closely with the University of Tokyo in operations experience. The University of Tokyo's XI-IV satellite has been in orbit for 5 years and is still operational. PolySat was given access to XI-IV, which allowed them to fine tune their earth station and get students acquainted to operations procedures.
Also, several PolySat students have been working on the Global Educational Network for Satellite Operations (GENSO). GENSO is a project coordinated by the ESA Education Department, under the guidance of the International Space Education Board (ISEB). This board consists of representatives from the education departments of CSA, CNES, ESA, JAXA and NASA.
GENSO aims to foster a worldwide community of educational institutions by developing and utilizing ground segment tools and standards which can dramatically improve access to educational spacecraft. The design and implementation work is being carried out by a distributed set of student and radio amateur teams worldwide, coordinated by the ESA Education Department.
Educational space missions are often constrained by the relatively small communication windows offered by their typically low orbits and local ground stations. By developing a software standard which allows these ground stations to communicate with non-local spacecraft, sharing the data with the spacecraft controllers via the internet, it will be possible to alleviate this highly restrictive problem.
Educational opportunities are ample for all working on the GENSO project. Since the developers are distributed around the world on almost every continent, there is the challenge of learning and coordinating across time zones and cultures. Those involved with the project must also learn the intricacies of ground stations and spacecraft communication.
This is especially helpful for the GENSO developers who are also developing satellites since GENSO increase awareness of the ground station component of satellite operations.
Developers and radio amateurs around the world will also communicate to resolve issues when GENSO is released for Beta Testing in 2009.
Beta Test participants will work to test the project in a cooperative effort as it would be when GENSO is up and running. This is a learning experience as good test planning and involvement is crucial for its success. 
V. Conclusion
Looking ahead, the Cal Poly CubeSat program hopes to continue to improve the P-POD and increase its compatibility with more launch vehicles. In addition, programmatic goals include:
• Continue to educate students • Increase the number of participating organizations, universities and industry • Continue to contribute valuable data to academia, science, and industry • Further develop US and international launch opportunities • Continue to demonstrate CubeSats as a viable platform for research and low cost missions Due to the accelerated development schedule of most CubeSat projects, students are exposed to seeing the end result of their work from concept to application. This valuable experience gives students a solid idea of the "big picture", or the complete mission cycle and the whole system of the spacecraft. 
